A: CURRENTS AND CHANNEL KINETICS
The active membrane model used in simulations of regular spiking excitatory neurons incorporates two inward currents -I Na and I Ca , three outward potassium currents -the delayed rectifier I K , the Ca 2+ -dependent I K(Ca),sAHP , and the transient I KA current. The remaining currents include the inward I NaCa exchange current, the leak current I L , and the synaptic current I syn . The later is modeled with the standard double-exponential function (1). The membrane resting potential is -65 mV. ] i ) 4 dependence and is based on data from hippocampal neurons (4) , with the exception of the sAHP activation time, which in some simulations has been adjusted in the model to account for the activation between 500 -1000 ms (5, 6 ).
The calcium current I Ca has the three components: L-, N-, and T-type, which are governed by: selective calcium channels and is in the range of values used in other models of hippocampal neurons (8) . L, N, and T are conversion factors to relate the three calcium channel permeabilities P L , P N , and P T to the corresponding conductances of L-, N-, and T-type Ca 2+ channel. We assigned L: N: T channel ratio 10:10:1 based on (7, 9) . [Ca 2+ ] o = 2 mM is the extracellular calcium concentration. F= 96485.338 C/mol is the Faraday constant, R= 8.3145 J/mol·K is the gas constant, and T = 36ºC is the temperature. The inactivation of the L-type calcium current is Ca 2+ -dependent with half-maximal inactivation occurring at the low micromolar level (K = 1 µM). P Ca , Na, K, KA, K(Ca), L are lognormally distributed in neurons across the network with a given mean value and a 15% standard deviation.
B: CALCIUM INFLUX AND REMOVAL
The calcium change (d [Ca 2+ ] i ) in the outermost shell of the model is proportional to the total calcium current (I Ca × cell area A) and inversely proportional to the shell volume Vol i . The I NaCa current is modeled as: electrochemical gradients provide energy that drives the exchanger (for details about the energy barrier model and explanation of parameters see (10, 11) ). The stoichiometry of the Na + /Ca 2+ exchange is assumed 3:1 (n = 3), which yields a multiplicative factor of 3/2 for obtaining the electrogenic current flowing through the Na , respectively. The values for total buffer concentrations and the corresponding backward and forward rates are guided by available data from electrophysiological and imaging studies. Total concentrations of these buffers are in ranges, respectively, 50 -200 µM and 600 -1200 µM (13) . k + and k -are buffer forward and backward binding rates, respectively. Mobile buffers: k + = 0.1 µM -1 · ms -1 and dissociation constant K B (k -/k + ) in the range 0.5 -2 µM. Fixed buffers: k + = 0.0005 µM -1 · ms -1 and K Bs in the range 0.2 -1 µM. All buffers are assumed to be homogeneously distributed throughout the cell (mobile buffers B only initially).
D: CALCIUM DIFFUSION
Each neuron body is represented by a sphere (20 µm radius), which is divided into a core (15.5 µm radius) surrounded by 9 concentric shells. The thickness of each shell is 0.5 µm. The diffusion of calcium ions and mobile buffers inside spherical neurons is simulated in the radial direction using finite-difference approximation formula for a sphere (14) . The boundary conditions for the innermost/outermost shell are obtained by introducing fictitious [Ca 2+ ] i in a virtual shell surrounded by/surrounding the innermost/outermost shell, which is in equilibrium with the outermost/innermost shell. Mobile and fixed Ca 2+ buffers are assumed to be equally distributed throughout the cell body with given total concentrations of [ ] i dynamics is modeled in detail in excitatory neurons because all simulations of the epileptiform activity in the networks were performed with suppressed inhibitory neurons and for that reason we did not examine [Ca 2+ ] i in inhibitory neurons.
E: NUMERICAL METHODS
The ordinary (H-H channel kinetics) and partial (Ca 2+ diffusion) differential equations were solved numerically using the forward Euler method. These equations were integrated numerically using a similar scheme as described in Ref. (16) . In brief, the ordinary equations that describe H-H ionic currents and partial equations that include Ca 2+ concentrations in shells were grouped in separate sets of equations and were updated sequentially. In order to compute membrane voltage V at the time t + Δt we used [Ca 2+ ] i values at the time t. Next we compute [Ca 2+ ] i distribution in shells at the time t + Δt according to values of I Ca and V at time t + Δt. The integration time step Δt was 0.01 ms. The model readily reproduces the results of Ref. (12) given that the integration step we used in our simulations is by the order of magnitude smaller than the time step used in the original theoretical model (12) . The stability of the integration routine was tested against the integration time step Δt. Once the integration time-step limit for the stable solution was determined, we tested the precision by reducing Δt and comparing the results. Networks were simulated with open or periodic boundary conditions. A non-periodic (open) boundary network conditions are obtained by setting synaptic weights equal to 0 in neurons close to edges of the network that make synaptic contacts with neurons on the opposite edges. Simulations were run on a cluster of 16 computers (x86_64 architecture, Linux OS) implemented as a distributed system. Simulation of 300 s of a network activity in the model consisting of 1440 neurons typically required 5 hours (execution time).
F: EPILEPSY VS. MODEL PREDICTION, SIGNIFICANCE, AND MODEL CRITICQUE

Calcium, AHP, and epilepsy
Ca
2+ and Ca
2+
-dependent systems in cells have long been thought to be implicated in epilepsy (17, 18) . Ictal discharges are associated with neuronal hyperactivity and larger neuronal membrane depolarization and therefore are accompanied by enhanced calcium influx into neurons (19, 20) . Calcium imaging measurements in slice models of spontaneous epileptiform activity indicate that dendritic and somatic [Ca 2+ ] i transients in neurons correlate with epileptiform field potentials and intracellular depolarizing shifts in these neurons (21, 22). The measured [Ca 2+ ] i transients during epileptiform activity are typically 5 times larger compared to control slices (19). In status epilepticus, repetitive seizures cause rising [Ca 2+ ] i levels in neurons and affect the ability of neurons to handle free calcium (23). Data from both in vitro and in vivo pilocarpine models of epilepsy revealed long-lasting changes in rates of intracellular calcium clearance and calcium homeostatic processes in neurons (24, 25).
Alger and Nicoll (26) hypothesized that AHP in neurons plays an important role in preventing the occurrence of epileptiform discharges in neurons. More recent data seem to confirm that downregulation of the Ca
-dependent K + channels may indeed be required for development of epileptiform discharges. Agents that inhibit the sAHP increase neuronal excitability and promote epileptiform activity in slices (27-30), whereas sAHP enhancers led to cessation of epileptiform activity (29, 31, 32) or suppression of spontaneous oscillatory activity in hyperexcitable networks (33). These observations are qualitatively consistent with our earlier findings, where we found that the 50% increase in g K(Ca) in a simulated network model resulted in a significant suppression of burst activity, whereas 75% decrease led to continuous neuronal firing. Such continuous firing, however, was associated with fastest increases in the [Ca 2+ ] i baseline level reaching a submicromolar level (0.6 -0.8 µM) typically 10-15 s after the onset of firing (34) . Furthermore, it has been suggested that in rat CA3 hippocampal pyramidal neurons the sAHP is predominantly involved in determining burst frequency rather than burst duration (29). These observations are also consistent with our results, where the frequency of bursts in the network model decreases as the amplitude of I sAHP increases.
The Ca
-dependent K + current has been found to be important in many animal models of epilepsy, including rats with GABA withdrawal syndrome (35) and genetically seizure-prone rats (36) . It has been suggested that a decrease in the sAHP may lead to spontaneous epileptiform activity in conditions of enhanced synaptic drive (37) . Also kindling may induce a transient suppression of the fast and slow AHP (38) . Additional data also suggest that voltage-dependent Ca 2+ current (39, 40) and a Ca
-dependent K + current (37, 41) are involved in shaping the length of bursts and inter-burst intervals.
Model predictions vs. ictal EEG data
Importantly, during ictal periods several populations of neurons are activated in brain at various times. Each population contributes in a specific way to the spectral properties of ictal EEG. For that reason, a range of different frequencies can occur in ictal EEG and spectral properties vary depending on localization and type of epilepsy. It is difficult, if not impossible, to incorporate in our model all types of neurons in order to simulate all occurring frequencies during ictal periods. We focused on a range of frequencies up to 10 Hz, which are common in many types of epilepsy and are relatively well described with a reasonable amount of electrophysiological data available elsewhere for comparison. The analyses of ictal EEG from humans indicates that these frequencies represent the vast amount of signal energy in an early phase of a seizure (organized rhythmic activity).
The process of [Ca 2+ ] i increases in neurons and its effect on I sAHP activation, described in this study and occurring in a simulated network model, is responsible for a slow decrease in the burst frequency in neurons throughout the duration of the simulated epileptiform-like activity in this network. We suggest that the same mechanism may occur in a population of hippocampal and cortical neurons when they exhibit recurrent periodic bursting early after seizure onset. This mechanism therefore may affect the dynamics and evolution of seizures in an early phase. In particular, it may be responsible for decline of the predominant frequency that is indeed seen in ictal EEG. The unique pattern of the frequency decline along with a range of burst frequencies occurring in the model are in very good agreement with data from humans and from various experimental models of epilepsy. For example, analogous 5-to 9-Hz rhythm is specific for hippocampal-onset seizures (42, 43) . Declines in the frequency of the predominant rhythm are seen in ictal ICEEG in humans with mesial temporal (44) and cortical origin seizures (45) , as well as in scalp EEG in humans with generalized tonic-clonic seizures (46) . Slow and monotonous decrease in time frequency is seen in recordings from hippocampal slices from juvenile rats (47) . A less than 60-s time window when the characteristic changes in the frequency occur in the model is in excellent agreement with the time window when corresponding frequency declines occur in ictal ICEEG/EEG in humans.
The time-frequency analyzes of ictal EEG (44) from epileptic patients showed that the time window when the predominant frequency decline occurred varies from patient to patient. This can be explained in the model if we assume that the total concentration of mobile and fixed buffers in neurons varies from patient to patient.
Significance
This modeling study highlights the role of sAHP as a potentially important factor implicated in the mechanism of epileptic burst firing. Our modeling studies indicate that an increase in the I sAHP amplitude will generally have anticonvulsant effect. The anticonvulsant effect can be achieved by increasing the conductance of single sAHP channels, and perhaps by rising affinity of these channels to Ca
2+
. Such manipulations will act to prevent the incidence and spread of recurrent bursting throughout the network after inhibition withdrawal. Several models of epilepsy in hippocampal slices or slice cultures suggest that a down-regulation of I sAHP is associated with the emergence of epileptiform activity. On the basis of these results, sAHP channels can be considered potentially as new targets for antiepileptic drugs. Indeed the slow Ca 2+ -dependent K + channel activator 1-ethyl-2-benzimidazolinone has been found effective in increasing threshold and reducing seizure incidence in models of epilepsy in vivo (48) . The use of 1-ethyl-2-benzimidazolinone for seizure treatment might by limited because of its broad effect on other K + channels and resulting adverse effects. The therapeutic effect of new sAHP channel enhancers with improved selectivity (like CyPPA (49)) remains to be evaluated.
These results shed light on several mechanisms of complex Ca 2+ dynamics and their potential role in regulating neuronal bursting in the time course of ictal discharges. The presented model of simulated epileptiform activity shares many common characteristics with mesial temporal lobe seizure activity in humans. The common elements include the range of the predominant frequency (3 -9 Hz) and its decline. The model correctly predicts the time window (and the rate) of frequency decline, which is typically less than 60 s. Therefore it offers a potential explanation for the predominant frequency decline seen in ictal EEG in mesial temporal lobe seizures. It uncovers the important role of Ca 2+ buffers and Ca 2+ diffusion in regulating neuronal bursting during ictal periods. Using this model we demonstrated that, throughout the duration of the simulated epileptiform activity, the concentrations of fast and slow free buffers decrease in time. The rate of decrease of the free fixed buffer concentrations is not uniform inside the cell. This results in redistribution of free mobile buffers, which act to make concentrations of fixed buffers equal inside a cell. This study indicates that: 1) characteristics of Ca 2+ clearance in neurons may vary during ictal periods, and 2) Ca 2+ dynamics and clearance mechanism should be considered as important factors contributing to seizure pattern and evolution.
Missing model components (critique)
The current model does not take into account calcium-induced calcium release (CICR) mechanism (50) . This important mechanism needs a special attention as the magnitude of Ca 2+ release can be cell function specific and may be affected by the physiological state or condition of a cell. For example, data from developing rat cortical culture indicate that intracellular stores do not contribute to Ca 2+ transients (51) . It has been hypothesized that CICR might be necessary in induction of LTP in neuronal spines (52) . It is either not clear what role CICR plays in modulating membrane excitability. It has been suggested that ryanodine receptors participate in the initiation and maintenance of the AHP in vagal afferent neurons (53) . In frog and rat sympathetic neurons, the AHP might be enhanced by application of caffeine or shortened by ryanodine or dantrolene, which act on ryanodine receptors (54) (55) (56) . The membrane hyperpolarization resembling AHP can be observed after bradykinin-induced elevation of inositol 1,4,5-triphosphate (57) . Although CICR has not been simulated in the model presented here, it might be of interest to examine its effect on network activity in subsequent models. Mitochondria, which have a large ability to handle Ca 2+ are not present in the model. This might be partly justified by apparently low Ca 2+ affinity reported for mitochondria (10-20 µM) (58) , and by the fact that mitochondrial uptake is often regarded as an important only when [Ca 2+ ] i rises to high levels (toxic processes). However [Ca 2+ ] i transients in a time-window of several minutes, such as simulated here, can be potentially affected by slowly acting mitochondrial uptake. Furthermore, recent data indicates that mitochondrial uptake in vivo can be higher than those found for isolated mitochondria possibly due to exposure of these organelles to high [Ca 2+ ] i near the mouths of voltage-sensitive or calcium-release Ca 2+ channels (59) . Therefore mitochondrial uptake can somehow regulate the gating of Ca 2+ membrane-entry and storeoperated Ca 2+ entry/release channels. Other studies of mitochondrial Ca 2+ uptake to periodic cytosolic Ca 2+ pulses in liver and heart mitochondria (and to a much lesser extent in brain-cell) have revealed a novel rapid mode of Ca 2+ uptake (RaM), which is prominent only at the beginning of Ca 2+ pulses (60, 61) . In a view of these findings, mitochondria can potentially shape bursting pattern at onset and may affect duration of bursts. 
